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Abstract—  We investigate the properties of a weak link 
between two Rashba-based superconducting nanowires with  
geometric misalignment. By applying an external magnetic 
field the system can be driven into a topological non-trivial 
regime. We demonstrate that the Josephson current can be 
modulated in amplitude and sign through the variation of the 
applied field and, remarkably, via the angle controlling the 
spin-orbit locking mismatch at the interface of the nanowires.  
The proposed setup with misaligned coplanar nanowires 
provides the building block configuration for the 
manipulation of coherent transport via geometric-controlled 
mixing/splitting of interface states.  
Keywords—superconducting nanowire; Rashba spin-orbit 
coupling; curved nanostructures; topological states. 
I.  INTRODUCTION  
Low-dimensional semiconducting nanomaterials in the 
presence of inversion symmetry breaking play a relevant role 
in the area of spintronics, spin-orbitronics and topological 
states of matter. Apart from conventional material geometries 
the most recent advances in nanotechnology led to have at 
hand an entirely novel family of low-dimensional 
nanostructures: flexible semiconductor nanomaterials which 
are bent into curved, deformable objects ranging from 
semiconductor nanotubes, to nanohelices, etc. Indeed, the role 
of geometric [1] deformation in Rashba spin-orbit coupled 
nanostructures has been shown to drive metal-insulator 
transitions and non-trivial topological states of matter [2] as 
well as spin textures with a tunable winding [3], thus 
indicating a feasible path for an all-geometric-electric control 
of the electron spin interference in deformed quantum rings 
[3].  
Inversion symmetry breaking is also a crucial physical 
ingredient for superconducting quantum systems especially for 
its potential to yield both spin manipulation of the Cooper 
pairs and non-trivial dissipationless charge-and-spin transport. 
For instance, the effect of the Rashba spin-orbit coupling 
(RSOC) on the Josephson current has been widely studied  in 
the presence of a source of time reversal symmetry breaking, 
e.g., by a magnetic-field induced Zeeman splitting or by 
magnetic exchange interactions [4,5]. Remarkably, a 
mechanical and electric manipulation of the Cooper pair 
transmission has been theoretically proposed by employing a 
non-trivial geometric profile of a RSOC bent nanowire 
between two superconducting leads [6].  
Fig. 1. Schematic representation of the superconducting nanowires with 
different orientations in the x-y plane such as to form an angle q.  φ is the 
phase drop between the two spin-singlet superconductors and h is the applied 
magnetic field perpendicular to the plane where the nanowire are placed. 
A major boost in the framework of inversion asymmetric 
systems relied on the proposal [7, 8] and the observation of a 
topological superconducting phase [9–12], hosting end 
Majorana modes, in a one-dimensional semiconductor 
nanowire with sizable RSCO and proximity-induced 
superconductivity. 
Motivated by the excitement in both topological states of 
matter and novel shape deformed nanostructures, we have now 
theoretically considered the consequences of geometric effects 
on the coherent transport properties of superconducting RSOC 
nanowires. For such purpose, we employ a setup that encodes 
the basic element of geometric deformation by interfacing two 
nanowires with misaligned spatial orientations in the plane 
(Fig. 1). Such configuration is fundamental to explore the 
basic effects of curvature on the Josephson transport. The 
main resulting outcomes indicate that the Josephson current 
can be modulated in amplitude and sign through both the 
angle controlling the spin-orbit locking mismatch at the 
interface of the nanowires and the variation of the applied 
field. 
II. MODEL AND METHODOLOGY 
The model system is made of two nanowires of size L (in units 
of the lattice constant) extending in the x-y plane, and placed in 
such a way to form a relative angle  q  (see Fig. 1).   The 
electrons move along each one dimensional nanostructure in 
the presence of a local spin-singlet pairing interaction. Due to 
the structural inversion symmetry breaking the electrons are 
also subject to a RSOC, which couples the orbital and the local 
spin component normal to the electron motion. Since the two 
nanowires are misaligned and not collinear, the spin-orientation 
perpendicular to the momentum of the quasiparticle changes its 
direction when the electrons move through the nanowire 
crossing point at the interface.  The Hamiltonian is then 
composed by the kinetic single particle term, the RSOC and the 
local superconducting pairing interaction. For convenience, we 
assume that the RSOC and pairing interaction have the same 
amplitude in the two nanowires. Moreover, we consider the 
application of an external magnetic field oriented perpendicular 
to the plane of the junction.  
Fig. 2. Field dependence of the energy spectrum for a given orientation 
mismatch q=p/2 of the RSOC chains and two values of the superconducting 
phase difference φ=0.3p (a) and p (b). Magnetic field evolution of the energy 
spectrum at a given φ=0.3p and for two different misalignement angles of the 
nanowires q=p/4 (c) and q=5p/9 (d).  All the energies are in units of half the 
bandwidth 2t and the chemical potential is µ=1.5. 
Then, after decoupling the pairing term, we have to deal with 
the conventional Bogoliubov- de Gennes (BdG) type 
Hamiltonian with RSOC and local spin-singlet pairing. Then, 
we solve the BdG equations on a lattice and we determine the 
spin-resolved energy spectrum of the system, including both 
bulk and the edge Andreev states. We assume the pairing 
amplitude to be uniform along the nanowire.  Furthermore, in 
order to investigate the eects of the phase dierence between 
the two spin-singlet superconductors, we employ the 
conventional procedure for the analysis of the Josephson 
current, JS, by transforming the order parameter ∆S with the 
phase factor exp[iφ] (see Fig. 1).  
III. RESULTS 
We start the discussion by considering the analysis of the 
energy spectrum En obtained from the numerical solution of 
the Bogoliubov–de Gennes equations. In Fig. 2 we show the 
magnetic field evolution of the energy spectrum for various 
representative values of the superconducting phase difference φ 
and orientation misalignment angle q of the RSOC chains. At 
zero field the system has a gap that closes at h~0.5 and h~2.5, 
signaling the occurrence of topological phase transitions. 
Indeed, in this window of applied fields, one gets zero energy 
bound states corresponding to Majorana modes that are 
localized at the two edges which are far from the crossing 
points of the RSOC chains. On the other hand, the modes at 
the interface are at finite energy as they are fermionic bound 
states resulting from the hybridization of two Majorana 
modes. As expected, the interface in-gap modes are dispersing 
due to the phase difference φ (Figs. 2 (a),(b)). Interestingly, a 
variation of the geometric configuration of the two nanowires 
through the angle q also affects the in-gap modes as explicitly 
demonstrated by comparing two different misalignment angles 
in Figs. 2(c),(d).  
    
These features contribute significantly to the modification of 
the Josephson current especially when the system is in the 
topological non-trivial phase. We find that the usual 
oscillating behaviour is altered in the topological regime if 
compared to the non-topological configuration when analysing 
the configuration with q=p/2 (Fig. 3 (a)). Indeed, in the 
topological regime the Josephson current starts to be negative 
at φ=0 and exhibits a sign change already for a phase drop of 
φ=p/2. Remarkably, the misalignment angle q can drive an 
amplitude modulation in the topological trivial state (Fig. 3 
(b)), while in the region of applied field with in-gap bound 
states the misalignment angle can induce a sign change in the 
Josephson current. Such behavior is general and occurs at any 
phase drop between the two RSOC nanowire.   
Fig. 3. Evolution of the Josephson current as a function of the applied 
magnetic field for different phase differences φ at a given  misalignement 
angle  q=p/2 (a) and for different values of q for a representative  φ=0.3 p (b).  
Finally, the observed behavior of the RSOC misaligned 
superconducting nanostructures clearly indicates the possibility 
of having a control of the interface spin mixing and of the 
Josephson current through a geometric parameter. Such results 
     
point to a wide area of novel design of Josephson junctions 
networks where the geometric configuration can be employed 
to design the overall transport properties.   
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